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Polycystic kidney disease is characterized by the progressive
enlargement of kidneys due to expanding fluid-filled cysts
with the rate of renal volume increase held to be a marker of
disease progression. Magnetic resonance imaging (MRI) is
used to monitor changes in renal volume in patients with
polycystic kidney disease; however, it has not been
effectively used in mice to monitor changes in kidney
volume during drug treatment studies. We used a powerful
9.4-T horizontal bore magnetic resonance scanner to track
changes in kidney volume in pcy/pcy mice, an ortholog of
nephronophthisis type 3. Mice were sequentially scanned
from 4 to 30 weeks of age and kidney volumes determined
from high-resolution images. Kidney volume and maximal
cross-sectional surface area correlated positively with kidney
weight and the histologic determination of surface area.
The increase in kidney volume was exponential up to
20 weeks of age, after which there was a plateau consistent
with the replacement of normal parenchyma by fibrotic
tissue. Our study demonstrates that MRI accurately
determines the rate of kidney volume increase in mice
with polycystic kidney disease and hence may be useful in
assessing the effectiveness of therapeutic agents to slow
disease progression.
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In polycystic kidney disease (PKD), cysts progressively enlarge
owing to aberrant cell proliferation and accumulation of fluid
within the expanding cavity.1 Cysts distort the renal
parenchyma; however, glomerular filtration rate remains
constant in early stages of PKD, as unaffected nephrons
increase filtration and compensates for nephron loss. Hence,
measurements of renal function, including glomerular filtra-
tion rate and plasma creatinine, are unreliable indicators of
early PKD. Lack of reliable indicators for disease progression
has hindered development of therapeutic approaches for
treating PKD; however, recently magnetic resonance imaging
(MRI) was shown to accurately measure the rate of kidney
enlargement in PKD patients.2 As in humans, MRI is an ideal
non-invasive method for monitoring kidney volume in mice.
Yet, few studies have applied MRI for measurement of kidney
volume in mice with PKD,3,4 and with the lack of accurate
sequential measurements of kidney volume, use of MRI for
drug studies is unwarranted.
The pcy/pcy mouse is a well-characterized model of PKD.5
Cysts form as segmental dilatations of distal tubules in
newborns, and extend to all nephron segments in later stages
of disease.6 The kidneys enlarge to several times normal size,
and azotemia begins to develop by 18 weeks in association
with interstitial inflammation and fibrosis. pcy/pcy mice
generally survive to 30 weeks, making this a useful model for
testing pharmacological intervention of PKD progression.7,8
To establish the temporal course of disease in pcy/pcy mice,
kidney volumes were monitored using high-resolution MRI.
The volume of PKD kidneys, determined by MRI, was
compared to kidney weight, and measurement of cross-
sectional surface area (SA) was compared between MRI and
histology sections.
RESULTS
Representative MR images of 30-week-old þ /þ and pcy/pcy
kidneys are shown in Figure 1. In the pcy/pcy kidney,
fluid within cystic tubules produced high signal intensity in
T-2-weighted images (Figure 1b and d). To compare MRI and
histology measurements, pcy/pcy mice were individually
scanned at 4, 10, 20, or 30 weeks by MRI and the largest
cross-sectional SA of the left kidney was determined for each
animal. Mice were immediately killed, and the left kidneys
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were embedded in paraffin for histology. Images of a 10-week
pcy/pcy kidney by histology section (Figure 2a) and MRI
(Figure 2b) are shown. SA measured by MRI was larger than
that measured by histology for each age (Figure 2c). This
difference in kidney size can be explained by blood loss from
the kidneys when renal arteries were transected, loss of cyst
fluid when the kidneys were sectioned, and tissue shrinkage
due to hypertonic solutions and dehydration alcohols that
were used during paraffin embedding. These results demons-
trate that measurement of kidney size by histology under-
estimates actual size of the kidney, in vivo.
Kidney volume (cm3) determined by MRI was plotted
against kidney weight (g) (Figure 2d), and an enabling
assumption was made that kidney density was equal to that
of water. All data points were above the line of identity,
indicating that the measurement of kidney weight under-
estimates in vivo renal volume by 24.4±3.3%, Po0.01.
To determine temporal changes in kidney volume, a pcy/
pcy mouse and a normal (þ /þ ) mouse were sequentially
scanned from 4 to 30 weeks. Enlargement of cystic kidneys
could easily be seen by MRI as early as 4 weeks (Figure 3),
and kidney volume was 34% greater in the pcy/pcy mouse
compared to þ /þ mouse (Figure 4a). pcy/pcy kidney
volume increased exponentially (7.4% per week) up to 20
weeks (Figure 4c), consistent with progressive expansion of
dilated tubules and isolated cysts. The volume of a solitary
cyst (Figure 3) increased 7.2% per week from 4 to 20 weeks
(volume increased from 2.3 to 7.7 ml). By 20 weeks, cystic
kidney volume was 3.7-fold greater than normal. Over the
next 10 weeks, kidney volume increased only 5.3%, indicating
that kidney expansion had reached a maximum (Figures 3
and 4a). Normal kidney volume remained relatively constant
from 4 to 30 weeks.
DISCUSSION
MRI is a powerful non-invasive method for in situ evaluation
of anatomical changes in kidney pathology. Visualization of
kidney and individual cysts without the use of contrast
reagents permits safe and accurate monitoring of disease
progression without killing the animal. T-2-weighted MR
images are ideal for assessment of cystic disorders, as cyst
fluid has high signal intensity relative to surrounding
parenchyma, permitting determination of kidney volume as
well as cyst volume.
L R
R L
a b
c d
Figure 1 | Representative T-2-weighted high-field MR images of
30-week normal (þ /þ ) and pcy/pcy mouse kidneys. (a) MR image
of the axial plane of þ /þ kidneys. (b) Axial MR image of pcy/pcy
kidneys. (c) MR image of the kidneys of þ /þ mouse in the coronal
plane. (d) A coronal image of pcy/pcy mouse kidneys. Arrows
indicate the left (L) and right (R) kidneys of a þ /þ mouse.
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Figure 2 | Comparison of kidney volume measurements by MRI
and histology. pcy/pcy mice were scanned by MRI in coronal and
axial planes for kidney volume determination at 4, 10, 20, and 30
weeks of age. After each scan, the kidneys were removed for volume
and histology measurements. Axial images of the left kidney of
a 10-week pcy/pcy mouse from (a) histology section and (b) MRI.
(c) Comparison of the largest cross-sectional SAs of the left kidney of
pcy/pcy mice ranging in age from 4 to 30 weeks, determined by
histology section (HS) and MRI. Cross-sectional SA of the left kidney
of a þ /þ mouse at 30 weeks was also measured by HS and MRI.
(d) In vivo kidney volume (left plus right kidneys) of pcy/pcy mice
was determined by MRI. After the scan, the kidneys were removed,
blotted to remove excess fluid, and weighed. In vivo kidney volume
(cm3) was plotted against kidney weight (g). To compare kidney
volume and weight, an enabling assumption was made that kidney
density is equal to that of water. All data points were above the
line of identity (dashed line), indicating that the measurement of
kidney weight underestimates in vivo renal volume by 24.4±3.3%,
Po0.01 (n¼ 4). When placed in aqueous solution, pcy/pcy kidneys
sink, thus the actual density of the kidneys is greater than that of
water, and the difference between weight and in vivo volume may
be even greater.
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In this study, high-resolution T-2-weighted images were
used to determine temporal changes in total renal volume in
a pcy/pcy mouse and to compare the maximal cross-sectional
SA of kidneys in vivo by MRI and by histological sections
at various stages of PKD progression. The major findings
of the study were as follows: (1) resolution of MR images
was sufficiently precise to yield renal volume estimates that
clearly defined the sequential enlargement of cystic kidneys;
(2) progressive increase in the volume of individual cysts
could be quantified; (3) total kidney volume of a pcy/pcy
mouse, determined by repeated MRI, increased exponentially
at a rate of 7.4% per week up to 20 weeks; (4) kidney
enlargement in pcy/pcy mice appeared to plateau after 20
weeks, consistent with advancement of interstitial inflamma-
tion and fibrosis;9 and (5) loss of cyst fluid and blood
from kidneys during tissue collection, and/or fluid loss
during preparation of histological specimens underestimate
kidney size.
Left and right kidneys increase in concert within ADPKD
(autosomal-dominant polycystic kidney disease) patients,
despite wide variability in kidney volumes between patients
at the same age.2 We found that volumes of left and right
kidneys in the pcy/pcy mouse increased at a similar rate up to
20 weeks (7.8 and 6.9% per week, respectively) (Figure 4b).
By contrast, mean±s.d. of total kidney volume of pcy/pcy
mice at 20 weeks was 0.66±0.14 (n¼ 4 kidneys), indicating
high variability between mice even within this inbred colony.
Most genetically designed murine models are expensive to
maintain and express variably in cystic disease, necessitating
use of large numbers of animals to reach sufficient statistical
power. Treatment of more animals requires synthesis of larger
quantities of therapeutic compound, thus defeating high-
throughput screening of novel drugs.
In conclusion, therapeutic approaches are being consid-
ered for clinical management of PKD.10–12 However, lack of
reliable indicators for tracking disease progression in animal
models of PKD has slowed discovery of effective new
therapies. This study establishes MRI as a non-invasive tool
for monitoring PKD progression in mice and supports the
use of in vivo imaging for evaluating the efficacy of
therapeutic agents in murine models of PKD.
MATERIALS AND METHODS
Mouse model
Five female pcy/pcy mice and one female normal CD1 mouse were
used in the study. Temporal changes in total kidney volume (both
kidneys) of a pcy/pcy mouse and a normal mouse were measured by
small animal MRI at 4, 6, 10, 20, and 30 weeks. After scanning, mice
were anesthetized with isoflurane, and kidneys were removed,
weighed, and fixed in 10% formalin in phosphate-buffered saline for
histology. In a second group, pcy/pcy mice were imaged at 4, 10, 20,
or 30 weeks, and kidneys were immediately removed for measure-
ment of kidney weight and for histology.
Small animal MRI
MRI was performed with a 9.4-T horizontal Varian MR imager
(Varian, Palo Alto, CA, USA) with 31 cm bore and 400 mTm1
gradient coil set and controlled by VNMRJ.1D software. Mice were
anesthetized and ventilated with isoflurane in oxygen. Axial and
coronal images were acquired with respiratory gating and spin echo
multi-slice sequence with a repetition time of 2500 ms per slice and
an echo time of 40 ms. Axial images were generated with a 128 128
matrix, and coronal images were generated with a 256 128 matrix,
using an average of two signals. The field of view varied from axial
14 22 mm2 to coronal 44 22 mm2. Slice thicknesses were 1 and
0.5 mm for axial and coronal acquisitions, respectively. Kidney
volumes were calculated from MR images using the scanner’s
software. Images were multiplied by slice thickness to compute the
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Figure 3 | Successive high-resolution MR images of left (axial plane) and right (coronal plane) kidneys of a pcy/pcy mouse. MR images
of the left and right kidneys of a pcy/pcy mouse were captured at the largest cross-sectional SA at 4, 6, 10, 20, and 30 weeks. There was a
radial distribution of dilated tubules and solitary cysts present as early as 4 weeks. Arrows indicate progressive enlargement of an
unusually large cyst that eventually disappears at 30 weeks. Kidneys and cystic area continued to increase in size from 4 to 20 weeks;
however, cysts were less well defined at 30 weeks, as interstitial inflammation and fibrosis caused contraction of renal volume.9
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volume of each slice in axial and coronal planes. Kidney volumes
were determined from the sum of serial slices averaged from coronal
or axial dimensions.
Histology
The left kidney of each animal was embedded in paraffin, and 5mm
sections were collected through the largest axial section stained with
hematoxylin and eosin. SA of kidney cross-section was determined
using morphometric analysis software (AnalySIS, Mu¨nster, Germany),
as described previously.13 Proper tissue fixation is important for
preserving anatomical structure. Other methods of fixation may yield
different results in the measurements of histology sections.
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Figure 4 | Measurements of total kidney volume of a normal
(þ /þ ) mouse and pcy/pcy mice by MRI. (a) Sequential
measurements of total kidney volume (left plus right kidneys) of a
þ /þ mouse (closed circles) and a pcy/pcy mouse (closed triangles).
Total kidney volume of the pcy/pcy mouse was greater than that
of the þ /þ mouse as early as 4 weeks, and the increase was
exponential-like from 4 to 20 weeks. At 20 weeks, total kidney
volume of the pcy/pcy mouse was 3.7-fold larger than normal kidney
volume. From 20 to 30 weeks, the change in total kidney volume was
much less. By contrast, the volume of the þ /þ kidneys remained
relatively constant from 4 to 30 weeks. To examine variability in
kidney volume, total kidney volumes from the mice individually
scanned at 4, 10, 20, or 30 weeks (open triangles) were plotted. Based
on the differences in total kidney volumes between pcy/pcy mice at
the same age, it appears that the rate of kidney enlargement is highly
variable. (b) Volumes of left and right kidneys increased in an
individual mouse at nearly identical rates from 4 to
20 weeks. (c) The rate at which total kidney volume increased
appeared exponential and could be determined in the axial or
coronal plane by MRI. The slope of the regression line (volume
plotted on a semi-log scale) corresponds to a 7.4% increase in total
kidney volume per week (calculated from ln(10) 0.032¼ 0.074).
Similarly, the volume increase of a solitary cyst (denoted by the
arrow) in Figure 3 was 7.2% per week.
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